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Abstract:  We analyze the impact of geometrical parameters on such 
important optical characteristics of negative curvature hollow-core 
fibers (NCHCFs) as waveguide dispersion, waveguide losses and the 
structure of transmission bands. We consider both theoretically and 
experimentally the resonance effects and formation of band edges 
under bending in NCHCFs. 
 
1. Introduction  
Hollow-core microstructured optical fibers (HC MOFs) are waveguides which allow light to 
be localized in the hollow core filled with gases or liquids. High power radiation can be 
transmitted in NCHCFs due to a high level of light localization and low nonlinearity of the gas 
medium in the hollow core. This power level of transmitted radiation cannot be achieved in 
the solid core glass fibers [1]. 
The mechanisms of light localization in HC MOFs are different for different types of 
microstructured claddings. The first HC MOFs proposed in [2, 3] were hollow-core Bragg 
fibers with a multilayered cladding which can be described as a one dimensional photonic 
crystal with refractive index modulation in the radial direction. The light localization in 
hollow-core Bragg fibers is achieved by constructive interference which occurs under light 
scattering from the 1D photonic crystal cladding. The spectral ranges where radiation 
localized in the hollow core cannot propagate into the radial direction are called photonic band 
gaps.  
By late XX century, a new type of HC MOFs with a 2D photonic crystal cladding was 
proposed [4]. These HC MOFs were called hollow-core photonic crystal cladding fibers 
(HC PCFs). The mechanism of light localization in HC PCFs is analogous to that in hollow-
core Bragg fibers. It is also based on the presence of photonic band gaps of a 2D photonic 
crystal in the cladding. The cross section of the core cladding boundary in such fibers has a 
circular or polygonal form. The band edges in the case of hollow-core Bragg fibers are 
determined by the resonances – antiresonances in the individual layers of the cladding 
according to the ARROW model [5]. In contrast to the hollow core Bragg fibers HC PCFs 
have the complex topological structure of the silica air photonic crystal cladding and the 
photonic band gap is formed by three cladding resonators, namely, interstitial silica apexes, 
silica struts and air holes [6]. The periodical arrangement of these inclusions in the 2D 
photonic crystal cladding causes formation of different types of Bloch waves sets. 
The third type of HC MOF known to date is hollow-core fibers with a Kagome lattice 
cladding [7]. The mechanism of light localization in such HC MOFs is different from that for 
HC PCFs and hollow-core Bragg fibers. In the literature this approach to the localization 
phenomenon is called the Inhibited coupling model (ICM) [7].  It has been demonstrated that 
this mechanism is akin to Von Neumann – Wigner bound states within a continuum [8]. 
Comparatively small losses in such HC MOFs are caused by a strong transverse – field 
mismatch between the core and cladding modes [7]. The authors of [9, 10] reported on the 
fabrication of the Kagome lattice hollow core photonic crystal fiber with a hypocycloid 
shaped core structure. They demonstrated based on the inhibited coupling model that the 
design of this core shape enhances the coupling inhibition between the core and cladding 
modes. In [11] the authors reported on the record transportation of milli - Joule energy pulses 
of 600 fs duration operating around 1030 nm in the hypocycloid – core Kagome HC PCF. 
In recent years, the so-called negative curvature hollow core fibers (NCHCFs) without a 
photonic crystal cladding have been proposed and extensively investigated [12 – 14]. It was 
demonstrated to be possible to guide light in NCHCFs made of silica glass up to a wavelength 
of 8 µm despite a comparatively simple construction of the non-photonic crystal 
cladding [15]. According to our estimations NCHCFs with one row of capillaries in the 
cladding provide the highest degree of light power localization in air - approximately 
99.993% [16]. This fact shows that the physical mechanism of light localization in NCHCFs is 
different from those in other types of HC MOFs. In our future papers, we will analyze this 
mechanism based on the ideas outlined in [17]. 
In this paper, we analyze the process of the band edge formation in NCHCFs with different 
cladding structures. In [18] the authors stated that it was not enough to consider the 
transmission attenuation properties of NCHCFs only in a qualitative way, for example, by a 
spatial power overlap between the core modes and cladding glass. In this work we propose a 
theoretical model based on the coupled mode theory to demonstrate a difference in 
mechanisms of band edge formation for short wavelength edges and long wavelength edges in 
NCHCFs with a certain type of rotational symmetry of the core – cladding boundary. In our 
opinion, this difference is due to the discreteness effect of the core – cladding boundary in 
NCHCFs on the process of band edge formation. The discreteness is determined by the 
periodical change in the curvature of the core-cladding boundary in the azimuthal direction 
and by the distances between neighboring capillaries in the cladding. Earlier, the effect of the 
curvature of the core cladding boundary on the loss level was investigated in [19, 20]. The 
difference between HC MOFs with different forms of the core-cladding boundary cannot be 
described by the ARROW model. The formation of the resonant structure of the long 
wavelength band edges can be caused by the excitation of nonlocal collective cladding modes. 
Further it will be shown that the intensity of such collective cladding modes and their spectral 
density depends strongly on the profile of the core cladding boundary in the azimuthal 
direction. This difference also leads to dispersion curves behavior not observed for other types 
of HC MOFs. As NCHCFs waveguide properties are dependent on the core cladding 
boundary profile, obtaining a few-mode waveguide regime in NCHCFs is also considered. 
In this paper, we also provide an analysis of optical properties of NCHCFs under bending. 
In [13] we demonstrated for the first time that NCHCFs bend losses have resonant behavior 
dependent on the bend radius. The resonant increase in the bend loss occurs at certain values 
of the bend radius and wavelength. In this case, a resonant coupling occurs between the air 
core mode of NCHCFs and the Airy mode of the cladding capillary. This effect was 
confirmed theoretically in works [20, 21, 22]. In our paper we propose a theoretical model 
(numerical simulation) of the excitation process of the Airy modes. We also demonstrate that 
the bending leads to a transformation of the dispersion curves. This effect allows to manage 
the slope of the dispersion curves by changing the value of the bend radius. The simulations 
are in close agreement with the experimental data. 
The paper has 7 sections. In Section 2, we propose a theoretical model describing the long 
wavelength band edge formation in NCHCF with a certain type of rotational symmetry of the 
core – cladding boundary. The necessary phase matching condition for resonant coupling 
between the air core modes and cladding modes are derived. The consideration is carried out 
based on the coupled mode theory. In Section 3 the process of the band edge formation in 
NCHCFs with touching and non touching capillaries in the cladding is considered. The 
difference between the mechanisms of short wavelength and long wavelength band edge 
formation is demonstrated. In Section 4, we discuss a possibility of obtaining a few mode 
regime in NCHCFs with different cladding structures. In the second part of the paper, we 
consider the system of transmission bands occurring under bending and corresponding 
transformation of dispersion curves. The process of Airy mode excitation in the cladding 
capillaries is investigated theoretically and experimentally. The conclusions are given in the 
last section. 
 
2. Two phase matching conditions for optical momentums of the air core and cladding 
modes in waveguides with a certain type of rotational symmetry of the core – cladding 
boundary 
In this section we consider a model describing coupling between the core and cladding modes 
in waveguides with a certain type of rotational symmetry of the core – cladding boundary. The 
analysis is based on the coupled mode theory [23]. For the first time, the resonant coupling 
between the air core modes and the cladding modes of hollow core polygonal tube fibers was 
demonstrated in [24]. These resonances occurred due to phase matching condition for 
azimuthal components of their optical momentums and had Fano profiles. Similar phase 
matching conditions occur in the case of excitation of whispering gallery modes in silica 
spherical micro cavities [25]. In our work [17] we showed that azimuthal mode indices m of 
the scattered fields occurring under plane wave incidence on an individual dielectric cylinder 
are physically meaningful. They can be considered as a parameter describing the azimuthal 
component of the scattered fields optical momentums. For example, the plane wave scattering 
from a 1D metallic diffraction grating leads to an onset of resonances in the scattered field 
spectrum called Wood anomalies [26]. These anomalies have Fano and Lorentzian profiles 
and occur due to a resonant interaction between diffraction orders of the scattered field with 
different linear components of optical momentums. These linear components of optical 
momentums are determined by the values of the reciprocal lattice vector of the metallic 
diffraction grating. The same phenomenon can be observed under the plane wave scattering 
from an individual dielectric cylinder but in this case the anomalies occur due to a resonant 
interaction between diffraction orders of the scattered field with different azimuthal mode 
numbers. 
It is known that the phase matching condition is a conservation law for linear components of 
optical momentums, for example, for propagation constants of the interacting waves [23]. In 
the case of waveguides with a certain type of rotational symmetry of the core cladding 
boundary it is possible to show that the coupling between the air core modes and the cladding 
modes occurs due to an additional phase matching condition. This condition is fulfilled for 
azimuthal mode numbers or, saying in other words, for azimuthal components of optical 
momentum of the core and cladding modes. Let us consider some general model of light 
propagation in the hollow core waveguide with a core – cladding boundary having a 
periodical modulation of dielectric susceptibility in the azimuthal direction with a period of 
2 / N  , where N is an integer. The dielectric susceptibility of the cladding can be cast in 
the form: 
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where G  denotes magnetic or electric fields in the complex representation: 
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In (3)  is a propagation constant of the mode and  = kc is an angular frequency, where k is a 
wave number. It is known that the complex representation of magnetic and electric fields in 
waveguides can be characterized by specifying axial components of the fields Ez and Hz. 
Next, we assume that the field amplitudes vary slowly in the azimuthal direction and the 
disturbance of the dielectric susceptibility (1) is weak. In this case, it is possible to apply the 
slow changing amplitudes method for solving (2) and the axial components of electric and 
magnetic fields in the cladding can be represented as: 
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Substituting (4) into (2) one obtains an equation for the coefficients Cm and Dm: 
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Here, it is assumed that function Fm(r) satisfies an equation: 
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According to the slow changing amplitudes method: 
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and taking into account (1) equation (5) can be represented as: 
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Multiplying (6) by *( ) mi zimmF r e e
   and integrating over the unit volume of the cladding one 
obtains: 
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In (7) it is assumed that 
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is a fast oscillating function with respect to  lC  . From 
(7) it can be seen that in addition to the well known phase matching condition for linear 
components of optical momentum of the interacting modes (
l m  ) there is also an 
additional phase matching condition for azimuthal components of the momentumm Np l  . 
This expression coincides with the condition of effective coupling between the dielectric and 
the air core modes in the polygonal tube fibers [24]. The second type of a phase matching 
condition for low order air core modes occurs due to the azimuthal periodicity of the core – 
cladding boundary dielectric susceptibility (1). If m and l can be considered as numbers 
characterizing azimuthal components of optical momentums of the air core modes and 
cladding modes then Np can be considered as an analogue of a reciprocal lattice vector in the 
case of a 1D metallic diffraction grating [26] or 1D photonic crystal [23]. As it was mentioned 
above, similar analogy was drawn in the case of excitation of Wood anomalies under the plane 
wave scattering from a single dielectric cylinder [17]. 
In the end of this section it is possible to draw certain conclusions regarding resonant coupling 
between the air core modes and cladding modes of the hollow core fibers with a certain type 
of rotational symmetry of the core – cladding boundary. If the waveguide structure has a 
discrete profile of the core – cladding boundary consisting of individual elements (as in the 
case of all solid band gap fibers [27]) the band edges are formed due to exciting 
electromagnetic states of these individual elements (the local cladding states). The coupling 
between the neighboring elements is weak. In this case, the first phase matching condition for 
the propagation constants of the air core modes and the cladding modes (linear components of 
optical momentums of the modes) play a decisive role in the process of band edge formation. 
If the waveguide structure has a continuous or quasi continuous profile of the core – cladding 
boundary with a certain type of rotational symmetry it is possible to excite cladding states 
which can be called collective cladding states. In this case, the coupling between the 
individual cladding elements is strong and the second phase matching condition can play an 
important role in the process of band edge formation. In the next section, we consider 
examples of excitation of the collective and local cladding states and their role in the 
formation of band edges using NCHCFs as an example.   
 
3. Band edge formation and dispersion curve profiles in NCHCFs with respect to 
cladding geometry  
In this section, we consider the behavior of transmission bands of NCHCFs with different 
geometrical parameters of the cladding and propose physical mechanisms of band edge 
formation. As it was mentioned above, long wavelength and short wavelength band edges in 
hollow-core Bragg fibers are determined by the ARROW model. These band edges are 
determined by the individual optical properties of the cladding elements, which are optical 
microresonators and have specific resonant frequencies. In the case of NCHCFs, the process 
of the band edge formation is more complicated and connected with an excitation of the 
collective cladding states with different types of rotational symmetry. As it was discussed 
above, the excitation occurs when corresponding phase matching conditions are fulfilled.   
In the first samples of NCHCFs made of silica glass, the cladding capillaries touched each 
other, and the long wavelength band edges had resonant behavior in the mid IR spectral 
range [12]. These resonances could not be described by the ARROW model as the resonant 
wavelengths did not correspond to those of the cladding capillaries. Further, we proposed 
another design of the capillary arrangement in the cladding when the capillaries did not touch 
each other. This cladding construction allowed us to transmit light in an NCHCF made of 
silica glass up to a wavelength of 8 µm [15]. To determine the cause of the long wavelength 
resonances onset in the NCHCFs transmission bands we performed a number of simulations 
using commercial packet Femlab 3.1. The distance between the centers of two neighboring 
capillaries in the cladding (number of capillaries N = 8) was taken to be a changing parameter 
in the simulations. In the case of touching capillaries in the cladding the value of the 
parameter was Λ = 2Rc, where Rc is the outer radius of the capillary. Several NCHCFs made 
of silica glass with 8 capillaries in the cladding were considered and the outer diameter of the 
capillary dout and the inner diameter din were the same for all simulations. The core diameters 
of the NCHCFs were Dcore = 48, 72, 86 µm, the thickness of the capillary wall was 3 µm, 
Rc = 7 µm and the distances between the centers of the capillaries were  = 2Rc, 2.9Rc, 3Rc. 
The process of the transmission bands transformation for different values of  is shown in 
Fig. 1. 
 
 
Fig. 1. The first three calculated transmission bands for NCHCFs made of silica 
glass with 8 capillaries in the cladding. The values of parameter Λ = 2Rc 
(red line), Λ = 2.9Rc (green line) and Λ=3Rc (grey line). The blue line 
corresponds to the transmission bands for the NCHCFs with 16 capillaries in the 
cladding. The other NCHCFs parameters are given in the text. 
 
It can be seen from Fig.1 that the profiles of the transmission bands in the case of the 
NCHCFs with Λ = 2Rc and Λ = 2.9Rc, 3Rc are different. In the case of the NCHCFs with 
Λ = 2Rc the long wavelength edges of the transmission bands have a resonant character. The 
resonances in the second and third transmission bands have a much higher Q-factor compared 
to that of the first (long wavelength) transmission band. It can also be seen that the resonances 
disappear when the value of parameter  increases. It can then be concluded that the resonant 
behavior at the long wavelength band edges originated from the excitation of collective 
electromagnetic states of the cladding described in the previous section. This effect, in 
contrast to the ARROW model, has a nonlocal character, and this nonlocal resonant 
interaction between the air core modes and the cladding states leads to the reduction of an 
effective width of the transmission bands. The origin of the excitation of the collective 
cladding states is the coupling between the air core and cladding modes occurring under 
fulfilling the phase matching conditions for the axial and azimuthal components of the 
wavevectors. The simulations show that an increase in the distance  > 3Rc in the case of 
NCHCFs with 8 capillaries in the cladding leads to an increase in the waveguide loss. In this 
case, the effect of loss reduction occurring due to an increase in the air core diameter is 
compensated by the loss increase occurring due to a decrease in the negative curvature of the 
core-cladding boundary. 
The most striking instance of the excitation of the nonlocal cladding states can be observed for 
NCHCFs with 16 touching capillaries in the cladding (Fig. 1). The cladding capillaries had the 
same wall thickness as the NCHCFs with 8 capillaries in the cladding to eliminate the impact 
of the ARROW mechanism on the transmission spectrum. Moreover, the air core diameter 
was also the same as in the NCHCFs with 8 capillaries in the cladding with the value of 
parameter  = 2Rc. In this way, only the type of discrete rotational symmetry of the core – 
cladding boundary was changed. It can be seen from Fig. 1 that the resonances occurring at 
the long wavelength band edges bridge the long wavelength transmission bands almost 
completely, and the resonances have no such strong effect on the transmission bands only in 
the shortest wavelength transmission band (Fig .1) which leads to a waveguide loss reduction. 
The positions of the short wavelength band edges for all the four NCHCFs considered (Fig.1) 
are essentially independent of  parameter variations. It can be explained by the fact that the 
short wavelength band edges are determined by the resonant properties of the individual 
capillaries and corresponding local cladding states. In the case of NCHCFs with 16 capillaries 
in the cladding, the impact of the resonant properties of individual capillaries on the 
transmission bands formation is weaker than for NCHCFs with 8 capillaries in the cladding 
(Fig. 1 (red line)). We propose that for NCHCFs with 16 capillaries in the cladding the 
excitation of the collective electromagnetic cladding states in the long wavelength regions of 
the transmission bands occurs in a much broader spectral range due to an increase in the 
number of the excited collective states with higher azimuthal mode numbers Np. In other 
words, an increase in the number of the cladding capillaries leads to an increase in the excited 
collective cladding states with a period 2 /p N  fulfilling the phase matching conditions 
not only at the long wavelength band edge of the transmission band but also at shorter 
wavelengths. For example, there are no resonant space harmonics with a sufficiently high 
value of the azimuthal mode number for NCHCFs with 8 capillaries in the cladding and with 
=2Rc at a wavelength of  = 3.3 µm (Fig. 1). On the other hand, such harmonics can be 
excited for NCHCFs with 16 capillaries in the cladding and the profiles of the loss 
dependencies shown in Fig. 1 confirm our assumption. 
To demonstrate the process of the collective states excitations at the long wavelength band 
edges we calculated overlap integrals for the first thirty air core modes in the second 
transmission band for NCHCFs with touching capillaries in the cladding (Fig. 1 (red)). The 
overlap integrals were calculated as: 
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where 
coreE and claddE are the complex electric fields of the air core and cladding modes. Then, 
we summarized their values to obtain the spectral dependence of the total overlap integral for 
all calculated cladding states (Fig. 2). As one can see from Fig. 2, the collective cladding 
states with different types of rotational symmetry are indeed excited at the long wavelength 
band edge of the transmission bands. 
 
 
Fig. 2. The spectral dependence of the total overlap integral for the first thirty 
air core modes in the second transmission band. The excited collective cladding 
states are shown in the insets. 
 
As a result, the transformation of the transmission bands occurring in the touching capillaries 
in the cladding leads to the transformation of dispersion curves. The dispersion curves were 
calculated for NCHCFs with 8 capillaries in the cladding (Fig. 1). It can be seen that the 
resonant behavior of the loss dependence at the long wavelength edges of the transmission 
bands for the NCHCFs with touching capillaries in the cladding leads to corresponding non 
monotonic behavior of the dispersion curves (Fig. 3). In terms of practical applications, the 
most interesting behavior of the dispersion curves is observed in the case of the NCHCF with 
 = 3·Rc with a comparatively low transmission loss (Fig. 1). 
 
 Fig. 3. The calculated dispersion curves for NCHCFs with 8 capillaries in the 
cladding corresponding to the transmission bands in Fig. 1. 
 
In this case, both long and short wavelength band edges are formed by the ARROW 
mechanism without any additional resonances arising from the collective interaction of the 
cladding capillaries. This fact and strong light localization in the air core lead to the flat 
profile of the dispersion curves with a value of anomalous dispersion D < 10 ps/(nm*km) in 
all three transmission bands. 
 
4. A few mode waveguide regime in NCHCFs 
In this section, we analyze a possibility to realize a few mode regime in NCHCFs. Loss 
dependencies and spectral dependencies of neff() were calculated for NCHCFs with different 
values of  for the first several air core modes in the second transmission band. The results 
are shown in Fig. 4 and 5. 
 
 
Fig. 4. (left) The loss dependence on the wavelength for the first 10 air core 
modes of NCHCFs with touching capillaries in the cladding in the second 
transmission band (Fig. 1); (right) analogous dependence for NCHCFs with non 
touching capillaries in the cladding ( = 3Rc). 
 
Similar results can be obtained for other transmission bands. It can be seen that a few mode 
waveguide regime can be achieved for NCHCFs with touching capillaries in the cladding 
(Fig. 4(left)). As this takes place, HE11 and TE01 have the lowest loss. The higher order modes 
interact with the cladding much more intensively, which leads to the loss increase and strong 
coupling with the cladding states. Based on the results obtained in the previous section it is 
possible to assume that the higher order modes penetrate into the cladding much more deeply 
and interact with the collective cladding states at the long wavelength band edge (Fig. 4(left)). 
At the same time, the spectral loss dependence for NCHCFs with non touching capillaries for 
the first 10 modes (Fig. 4(right)) differs significantly from the spectral loss dependence 
considered above. As a result, the coupling between the high order air core modes and the 
collective resonant states in the cladding is weakened significantly, with the high order modes 
having much lower loss in comparison with NCHCFs with touching capillaries in the cladding 
(Fig. 4(left)). This conclusion can be confirmed by considering the spectral dependencies of 
effective refractive indices of the air core modes (Fig. 5). In the case of NCHCFs with 
touching capillaries in the cladding (Fig. 5(left)) only two lowest order air core modes have 
close values of neff(). The effective indices of the higher order modes differ from those for 
the lowest order modes most significantly in the neighborhood of the long wavelength band 
edge. At the same time, for NCHCFs with non touching cladding capillaries the values of 
neff() for a much higher number of the modes are close to each other. 
 
 
Fig. 5. (left) the spectral dependence of effective refractive indices of the air 
core modes for NCHCFs with touching cladding capillaries; (right) the spectral 
dependence of effective refractive indices of the air core modes for NCHCFs 
with non touching cladding capillaries  
 
These results show that a few mode waveguide regime can be achieved in NCHCFs under the 
condition of a strong collective coupling between the cladding capillaries, which was 
described in the previous section.  
 
5. Transformation of transmission bands under bending. Dispersion curves slope 
management. 
In this section, we consider the impact of bending on the transformation of transmission bands 
and band edges. The geometrical parameters of the modeled NCHCFs corresponded to the 
geometrical parameters of the NCHCFs fabricated for the experiments. The parameters of the 
modeled NCHCFs equaled the averaged values of the fabricated fiber parameters. After that, 
we consider the impact of the bending on the slopes and profiles of the dispersion curves at all 
three values of Rbend. 
To analyze the transformation of the transmission bands occurring under bending we plotted a 
diagram of loss dependence on the wavelength and the bend radius (Fig. 6). As one can see 
from Fig. 6, an additional system of band edges occurred at resonant values of the bend radius. 
As it was discussed above, the band edges at the resonant wavelengths occur due to the 
transverse resonances in the capillary wall or due to the excitation of the collective cladding 
mode. The band edges at the resonant values of the bend radius occur due to the transverse 
resonance of the capillary cavity. It can also be seen that the resonances locations in the long 
wavelength transmission bands shift to smaller values of the bend radius. It means that the 
excitation of the capillary cavity modes in the short wavelength regions occurs at smaller 
disturbances of the air core modes of NCHCFs under bending. 
The excitation of the capillary cavity modes leads to several questions. 
First of all, it is impossible to excite a leaky capillary cavity mode at the oblique incidence of 
the air core mode radiation when the NCHCF is straight. It can be assumed that the excitation 
of the capillary cavity mode occurs due to the refraction of the air core mode at the inner 
boundary of the capillary and penetration into its cavity under bending. An increase in the 
radiation intensity in the capillary wall depends on the bend radius value and the field 
structure in the wall. It is known that an increase in the effective refractive index along the 
curvature line plane (x axis) caused by the bending can be described by [28]: 
 
 
Fig. 6. A 2D diagram of the transmission bands occurring under change of the 
wavelength (the first three bands are shown) and under bending with the bend 
radius Rbend. 
 
    , 1 bendn r n x R     (9) 
Let us make some estimates taking into account that the air core radius of NCHCF Rcore >>  
and the cladding capillary radius Rcapill >> , where  is a wavelength. Let the air core mode 
radiation fall onto the cladding capillary at an angle of 1cos ( / ) 0.02effn n
   rad., where 
neff = 0.9998 is an effective index of the fundamental air core mode at a wavelength of 
 = 1 µm and a refractive index of the air core n = 1. Then, the angle of the refractive beam 
can be estimated by: 
 1 1 2sin sin 0.7608n
   rad., 
where 1 / 2    is the incidence angle of the air core mode on the cladding capillary and 
n2 is the refractive index of silica glass. Correspondingly, the total internal reflection angle in 
the case of light incidence on the boundary glass-air is approximately equal to 0.761 rad. It 
means that to a very close approximation the radiation falling on the cladding capillaries is 
reflected from the internal capillary wall in the regime of total internal reflection. Only a small 
part of the radiation penetrates into the capillary cavity. This condition is disturbed under 
bending and the increase in the effective refractive index (9). In this case, breaking the regime 
of total internal reflection can be observed. Therefore, the excitation of the capillary cavity 
mode occurs when the regime of total internal reflection turns into the refraction regime. 
Let us make one more estimate. One can reasonably assume that the capillary cavity modes 
can be described by the following transverse resonance condition:  
   0ctJ k a    (10) 
where c
tk  is the transverse component of the wavevector in the capillary air core and a is the 
inner radius of the capillary. The first roots of Bessel functions with  = 0, 1 equal x1 = 2.4 
and x2 = 3.8, correspondingly. In the straight fiber at a = 15 µm and the effective index of the 
fundamental air core mode neff = 0.9998 the value of the argument in (10) doesn’t exceeds x1 
and x2. In this case, the excitation of the capillary cavity modes is impossible. When the bend 
radius decreases, for example, Rbend =5 cm (Fig. 6) at the air core radius of the NCHCF 
R= 30 µm the argument in (10) is 
1
c
tk a x . It means that the condition of the transverse 
resonance (10) can be fulfilled at least for the fundamental air core mode. The higher order 
transverse resonances corresponding to higher order leaky modes of the capillary cavity occur 
with a further decrease in the bend radius. From the above, it is possible to assume that the 
decrease of the bend loss and suppression of excitation of the capillary cavity modes can be 
achieved by decreasing the capillary radius a. It can be achieved, for example, by increasing a 
number of the capillary in the cladding. 
As one can see from Fig. 6, locations of the band edges caused by the bending in the long 
wavelength transmission bands are offset to smaller values of the bend radius. It means that 
the excitation of the capillary cavity modes occurs in the short wavelength transmission bands 
under smaller disturbances of the electromagnetic fields of the air core modes. Let us consider 
this process in greater detail.  
Above it was observed that the resonant condition (10) cannot be fulfilled in the straight 
NCHCF because the value of c
tk a  does not attain the root values of the Bessel functions. 
Under bending, the transverse component of the local wavevector at the inner side of the 
capillary wall can be represented as: 
 2 2 2
2
(1 / )ct bend effk n x R n


     (11) 
where  is a wavelength. Here, we neglect the capillary wall thickness h in comparison with 
the air core radius R (h<<R). Assuming that 2 2
effn n  in the capillary cavity one obtains an 
approximate value of the transverse component of the local wavevector: 
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Substituting (12) into (10) one obtains the condition of the transverse resonance: 
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It can be seen from (13) that the condition of the first transverse resonance is fulfilled under 
decreasing the bend radius first in the shortest wavelength transmission band (Fig. 6) and then 
in all further bands. 
 
 
Fig. 7. Transformation of dispersion curves in the transmission band from 1.15 
µm to 1.4 µm (Fig. 5) at Rbend = 3 cm (red line), 3.5 cm (green line) and 4 cm 
(blue line). 
 
Another interesting NCHCF property is the change of dispersion curve profiles of the air core 
modes which occurs in the bent fiber under excitation of the capillary cavity modes. For 
example, let us consider the behavior of the dispersion curves of the fundamental air core 
mode in the transmission band from 1.15 µm to 1.35 µm at the bend radius Rbend = 3, 3.5 and 
4 cm (Fig. 6). These three dispersion curves correspond to the bend radius in the vicinity of 
the resonance, at the slope of the resonance and away from the resonance (Fig. 7). It is also 
possible to manage a slope of the dispersion curves to a greater or a lesser extent depending on 
the parameter . As in the processes described in Section 3, it is possible to assume that in the 
case of touching capillaries in the cladding there is a more dramatic change of the dispersion 
curves slope in the anomalous dispersion region due to the interaction between the NCHCF air 
core modes and the non local cladding states occurring at the long wavelength region 
(Fig. 1, 3). In other words, the interaction of the air core modes with the cladding under 
bending occurs much more effectively at the long wavelength band edges. It can be seen from 
Fig. 7 that the zero dispersion wavelength also undergoes a shift and this dispersion curves 
behavior of NCHCFs under bending can be used for managing their dispersion characteristics. 
6. Experimental confirmation of the band loss resonant behavior in NCHCFs. Sequential 
excitation of the capillary cavity modes under bending: numerical simulations and 
experimental data.  
In this Section we investigate experimentally a set of the transmission bands occurring in 
NCHCFs under bending. Then we demonstrate experimentally a sequential excitation of the 
capillary cavity modes. In [13] it was theoretically shown that a coupling between the 
fundamental air core mode and the capillary cavity modes was possible and this coupling is 
manifested in the resonant dependence of the optical loss on the bend radius. Later, the 
resonant coupling between the modes was mentioned in [20 – 22]. However, up to this time 
the capillary cavity modes excited under bending have not been observed experimentally. In 
this work we managed to observe the modes experimentally. To this end, we used an NCHCF 
with 8 touching capillaries in the cladding. The NCHCF had the outer diameter of 125 µm, the 
core diameter of 40 µm, the inner capillary diameter of 27 µm and wall thickness of 3.5 µm. 
The experimental setup is shown in Fig. 8. 
To measure the distribution of light intensity at the fiber end face a silicon camera with a 
microscope objective was used (Fig. 8(upper)). A Ytterbium fiber laser with a generation 
wavelength of 1.064 µm was used as a light source. To observe the capillary cavity modes at 
the fiber end face it was necessary that the straight part of the fiber just after the bend be as 
short as possible due to a strong attenuation of the capillary cavity modes. For this reason the 
fiber was held in the immediate vicinity of the end face and the bend part of the fiber was 
located just beside the fixation point. The fiber was bent at an angle of 90
0
 and the bend radius 
was controlled by micro adjustments. 
 
 
Fig. 8. (upper) Experimental setup for observing the distribution of light 
intensity in the near field; (bottom) experimental setup for measuring the 
transmission spectrum of the fiber at different values of the bend radius. 
 
Another experimental design was used for measuring a dependence of the transmitted signal 
intensity on the bend radius value (Fig. 8(bottom)). A supercontinuum source (Fianium) was 
used as a light source. The spectrum of the transmitted radiation was measured by the 
spectrum analyzer Ando AQ6317B. We put an emphasis on the fiber being bent only at one 
section while the other fiber sections were undisturbed. To this end, the joint place between 
the NCHCF and the delivery fiber was put on a moving platform. 
 
 
Fig. 9. (left) dependence of transmission light intensity on the bend diameter at a wavelength of 1.06 µm; (right) SEM 
photograph of the fiber cross section.  
 
As one can see from Fig. 9, there are several minimums on the signal versus bend diameter 
curve. Each corresponds to the effective refractive index of the fundamental air core mode 
being equal to the effective refractive index of a cladding mode. 
Comparing the diagram on Fig. 6 for the ideal NCHCF and the analogous diagram for the real 
one with the same geometry parameters (Fig. 10(left)) it is possible to draw the conclusion 
that these parameters have strong impact on the NCHCF optical properties. In the case of a 
real NCHCF all sizes and thickness of the capillary walls vary during the drawing process and 
differ from each other. This fact leads to blurring the distribution of the resonances in the 
diagram (Fig. 10(left)). 
 
 
Fig. 10. (left) the calculated transmission bands for the real NCHCF; (right) dependence of transmitted light intensity 
on the value of the bend radius under excitation by the  supercontinuum source. 
 The diagram shown in Fig. 10 (left) is in close agreement with an analogous diagram for the 
ideal NCHCF shown in Fig. 6. The experimental data is also in close agreement with 
numerical data (Fig.10 (right)). In particular, two resonant minimums are observed in the 
transmission band at the bend radius of 5 cm and in the vicinity of 3 cm. 
 
 
 
Fig. 11. Experimental and calculated near fields distributions of the air core modes corresponding to the first three 
resonances in the capillary cavity. The bend radii for the calculated near fields distributions are Rbend  = 1.6, 3.6 and 
5.6 cm at wavelength of  = 1.06 µm. The bend axis is on the left side. 
In Fig. 11 shows the near field distributions of the air core modes measured experimentally 
and numerically calculated. These near field distributions correspond to the first three 
resonances occurring under bending. The HE11 mode is excited in the capillary lying in the 
bending plane at the bend diameter about 12 cm. 
As the bend diameter decreases the fundamental mode in the considered capillary vanishes 
and two fundamental modes are excited in the neighboring capillaries. With the further 
decrease in the bend diameter, TE01 is excited again in the capillary with the maximum bend 
radius. 
We can clarify the causes of this selective excitation of the individual capillaries under 
bending by studying transverse resonance (10). Let us consider bending in a cylindrical 
coordinate system with z – axis coinciding with the NCHCF axis. Let the bend be applied to 
the fiber into the capillary direction with the center of (, 0) in the cylindrical coordinate 
system. Then, the expression for the effective refractive index (9) can be rewritten as: 
 ( , ) (1 cos / )bendn r n R     (14) 
where  is the radius vector drawn from the fiber center to the capillary wall and  is a 
counterclockwise azimuthal angle. It can be seen from (14) that the resonant condition (10) for 
different values of the azimuthal angles  can be satisfied by the local transverse component 
of the air core modes wavevector kt
c(ρ,φ) (10, 11) at a given value of the bend radius. Thus, 
the maximum increase of the local effective refractive index and, correspondingly, the 
refraction and transmission of the air core mode intensity to the capillary cavity mode occurs 
in the direction of  = 0. As the argument in (10) achieves its first resonant value the 
fundamental capillary cavity mode in the capillary with the center at (, 0) is excited. 
According to (14), with the further bend radius decrease the local value of the propagation 
constant is changed. This change leads to a mismatch for the condition of the transverse 
resonance (10) in the direction of (, 0) and to the excitation of the fundamental capillary 
cavity modes in the capillaries with centers at (cos(π/8), sin(π/8)), (cos(15π/8) and 
sin(15π/8)). With the further bend radius decrease this process is repeated for the second 
capillary cavity mode (Fig. 11). 
 
7. Conclusions 
In this work the dependence of NCHCF optical properties on geometrical parameters was 
determined. In particular, the process of band edges formation was analyzed. It was shown 
that the formation of long wavelength band edges strongly depends on the distance between 
the centers of neighboring cladding capillaries and cannot always be described in terms of the 
ARROW model. Such resonant behavior occurs due to excitation of the collective cladding 
states (i.e. electromagnetic states of the whole cladding). Short wavelength band edges occur 
due to excitation of the local cladding states (i.e. electromagnetic states of the individual 
cladding capillary). The formation of a few mode waveguide regime in NCHCFs also largely 
depends on the distance between the centers of the neighboring cladding capillaries. The 
analyses of optical properties of NCHCFs occurring under bending demonstrated the presence 
of new type of transmission bands. In this case, the band edges occur due to resonant 
properties of the capillary cavities (leaky modes of the cavities). A model describing the 
excitation of the capillary cavity modes was proposed. A possibility of dispersion curves 
transformations in normal and anomalous dispersion regions under bending was demonstrated. 
The experimental data is in close agreement with the theoretical results. The investigated 
physical processes occurring under change of the NCHCF geometrical parameters allow to 
optimize the NCHCF structure in different spectral ranges for various practical applications. 
 
References 
1. S. Biryukov, E. M. Dianov, “Energy transfer in optical fibers,” Quantum Electron. 37, 379 – 382 
(2007). 
2. V. N. Melekhin and A. B. Manenkov, “Dielectric tube as a low – loss waveguide,” Sov. Phys. – 
Tech. Phys. 13(12), 1698 – 1699 (1968). 
3. P. Yeh, A. Yariv, and E. Marom. “Theory of Bragg Fiber.” J. Opt. Soc. Am. 68, 1196-1201 (1978). 
4. R. F. Gregan, B. J. Mangan, J. C. Knight, T. A. Birks, P. St. J. Russell, P. J. Roberts, and D. C. 
Allan, “Single mode photonic band gap guidance of light in air,” Science 285(5433) 1537 – 1539 
(1999). 
5. T. P. White, R. C. McPhedran, C. M. de Sterke, N. M. Litchinitser, and B. J. Eggleton, “Resonance 
and scattering in microstructured optical fibers,” Opt. Lett. 27, 1977 – 1979 (2002). 
6. F. Couny, F. Benabid, P. J. Roberts, M. T. Burnett, and S. A. Maier, “Identification of Bloch modes 
in hollow core photonic crystal fiber cladding,” Opt. Express 15, 325 – 338 (2007). 
7. F. Couny, F. Benabid, P. J. Roberts, P. S. Light, and M. G. Raymer, “Generation and photonic 
guidance of multi – octave optical – frequency combs,” Science 318(5853), 1118 – 1121 (2007). 
8. F. H. Stillinger and D. R. Herrick, “Bound states in the continuum,” Phys. Rev. A 11, 446 – 454 
(1975). 
9. Y. Y. Wang, N. V. Wheeler, F. Couny, P. J. Roberts, and F. Benabid, “Low loss broadband 
transmission in optimized core - shaped Kagome hollow – core PCF,” in Conference on Lasers and 
Electro – Optics/Quantum Electronics and Laser Science, Postdeadline Papers (Optical Society of 
America, 2010), paper CPDB4. 
10. Y. Y. Wang, N. V. Wheeler, F. Couny, P. J. Roberts, and F. Benabid, “Low loss broadband 
transmission in hypocycloid – core Kagome hollow - core photonic crystal fiber,” Opt. Lett. 36, 669 
– 671 (2011). 
11. B. Debord, M. Alharbi, L. Vincetti, A. Husakou, C. Fourcade – Dutin, C. Hoenninger, E. Mottay, F. 
Gérôme, and F. Benabid, “Multi – meter fiber - delivery and pulse self – compression of milli – 
Joule femtosecond laser and fiber – aided laser micromachining,” Opt. Express 22, 10735 – 10746 
(2014). 
12. A. D. Pryamikov, A. S. Biriukov, A. F. Kosolapov, V. G. Plotnichenko, S. L. Semjonov, and E. M. 
Dianov, “Demonstration of a waveguide regime for a silica hollow - core microstructured optical 
fiber with a negative curvature of the core boundary in the spectral region > 3.5 µm,” Opt. Express 
19, 1441 – 1448 (2011). 
13. A. F. Kosolapov, A. D. Pryamikov, A. S. Biriukov, V. S. Shiryaev, M. S. Astapovich, G. E. 
Snopatin, V. G. Plotnichenko, M. F. Churbanov, and E. M. Dianov, “Demonstration of CO2 laser 
power delivery through chalcogenide glass fiber with negative curvature hollow core,” Opt. Express 
19, 25723 – 25728 (2011). 
14. F. Yu, W. Wadsworth, and J. C. Knight, “Low loss silica hollow core fibers for 3 – 4 µm spectral 
range,” Opt. Express 20, 11153 – 11158 (2012). 
15. A. N. Kolyadin, A. F. Kosolapov, A. D. Pryamikov, A. S. Biriukov, V. G. Plotnichenko, and E. M. 
Dianov, “Light transmission in negative curvature hollow core fiber in extremely high material loss 
region,” Opt. Express 21, 9514 – 9519 (2013). 
16. A. F. Kosolapov, A. Pryamikov, G. Alagashev, A. Kolyadin, A. Biriukov, and E. Dianov, 
"Negative Curvature Hollow-Core Fibers (NCHCFs) for Mid-IR Applications," in Advanced 
Photonics, OSA Technical Digest (online) (Optical Society of America, 2014), paper SoTu2B.3. 
17. A. D. Pryamikov and A. S. Biriukov, “Excitation of cyclic Sommerfeld waves and Wood’s 
anomalies in plane wave scattering from a dielectric cylinder at oblique incidence,” Phys. Usp. 56, 
813 – 822 (2013). 
18. Wei Ding and Yingying Wang, “Analytic model for light guidance in single – wall hollow – core 
anti – resonant fibers,” Opt. Express 22, 27242 – 27256 (2014). 
19. B. Debord, M. Alharbi, T. Bradley, C. Fourcade – Dutin, Y. Y. Wang, L. Vincetti, F. Gerome, and 
F. Benabid, “Hypocycloid – shaped hollow core photonic crystal fiber Part I: Arc curvature effect 
on confinement loss,” Opt. Express 21, 28597 – 28608 (2013). 
20. W. Belardi and J. C. Knight, “Effect of core boundary curvature on the confinement losses of 
hollow core antiresonant fibers,” Opt. Express 21, 21912 – 21917 (2013). 
21. V. Setti, L. Vincetti, and A. Argyros, “Flexible tube lattice fibers for terahertz applications,” Opt. 
Express 21, 3388 - 3399 (2013). 
22. M. Alharbi, T. Bradley, B. Debord, C. Fourcade – Dutin, D. Ghosh, L. Vincetti, F. Gerome, and F. 
Benabid, “Hypocycloid – shaped hollow core photonic crystal fiber Part II: Cladding effect on 
confinement and bend loss,” Opt. Express 21, 28609 – 28616 (2013). 
23. A. Yariv, P. Yeh, “Optical Waves in Crystals,” John Wiley&Sons (1987).  
24. L. Vincetti, and V. Setti, “Fano resonances in polygonal tube fibers,” J. Lightwave Techn. 30, 31 – 
37 (2012). 
25. Chang – Ling Zou, Fang – Jie Shu, Fang – Wen Sun, Zhao – Jun Gong, Zheng – Fu Han, and 
Guang – Can Guo, “Theory of free space coupling to high – Q whispering gallery modes,” Opt. 
Express 21, 9982 – 9995 (2013). 
26. A. Hessel and A. A. Oliner, “A new theory of Wood’s anomalies on optical gratings,” Appl. Optics 
4, 1275 – 1297 (1965).  
27. F. Luan, A. K. George, T. D. Hedley, G. J. Pearce, D. M. Bird, J. C. Knight, and P. St. J. Russell, 
“All – solid photonic bandgap fiber,” Opt. Lett. 29 (20), 2369 – 2371 (2004). 
28. D. Marcuse, “Field deformation and loss caused by curvature of optical fibers,” J. Opt. Soc. Am. 
66, 311 – 320 (1976). 
 
